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Strain effect on power factor in monolayer MoS2
San-Dong Guo
Department of Physics, School of Sciences, China University of Mining and Technology, Xuzhou 221116, Jiangsu, China
Biaxial strain dependence of electronic structures and thermoelectric properties of monolayer
MoS2, including compressive and tensile strain, are investigated by using local-density approximation
(LDA) plus spin-orbit coupling (SOC). Both LDA and LDA+SOC results show that MoS2 is a direct
gap semiconductor with optimized lattice constants. It is found that SOC has important effect on
power factor, which can enhance one in n-type doping, but has a obvious detrimental influence for
p-type. Both compressive and tensile strain can induce direct-indirect gap transition, which produce
remarkable influence on power factor. Calculated results show that strain can induce significantly
enhanced power factor in n-type doping by compressive strain and in p-type doping by tensile strain
at the critical strain of direct-indirect gap transition. These can be explained by strain-induced
accidental degeneracies, which leads to improved Seebeck coefficient. Calculated results show that
n-type doping can provide better power factor than p-type doping. These results make us believe
that thermoelectric properties of monolayer MoS2 can be improved in n-type doping by compressive
strain.
PACS numbers: 72.15.Jf, 71.20.-b, 71.70.Ej, 79.10.-n
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I. INTRODUCTION
Thermoelectric material by using the Seebeck effect
and Peltier effect can realize hot-electricity conversion
to solve energy issues. As is well known, the efficiency
of thermoelectric conversion can be characterized by di-
mensionless figure of merit1,2, ZT = S2σT/(κe + κL),
where S, σ, T, κe and κL are the Seebeck coefficient,
electrical conductivity, absolute temperature, the elec-
tronic and lattice thermal conductivities, respectively.
Bismuth-tellurium systems3,4 and lead chalcogenides5,6
are excellent thermoelectric material in the application
of thermoelectric devices. Searching for high ZT materi-
als is the main objective of thermoelectric research, which
requires a high electrical conductance and large Seebeck
coefficient and low thermal conductance. However, they
are generally coupled with each other. So, it is difficult
to enhance one, but not to adversely affect else parame-
ter. Low-dimensional materials have been proved to be
advanced in designing high-performance thermoelectric
devices, such as Bi2Te3 nanowire, monolayer phospho-
rene and silicene7–11.
Semiconducting two-dimensional (2D) materials have
potential application in nanoelectronics and nanopho-
tonics. Due to the presence of intrinsic direct band
gap of 1.9 eV, monolayer MoS2 have been widely in-
vestigated both experimentally and theoretically12–18 in
comparison with the gapless Graphene. Recently, it has
been applied in field effect transistors, photovoltaics and
photocatalysis19–23. Band gap tuning is very important
for electronic and photonics applications, which has been
realized by applied strain and electric field24–29. The
thermoelectric properties related with MoS2 has been
widely investigated, including bulk30, few layers31, mono-
layers to nanotubes32,33 and armchair and zigzag mono-
and fewlayer MoS2
34. In these theoretical calculation,
SOC is neglected, but SOC is very important for power
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FIG. 1. The energy band structures of monolayer MoS2
with the optimized lattice constants by using LDA (Left) and
LDA+SOC (Right).
factor calculations35–37. The thermoelectric power factor
can be enhanced dramatically by applied strain37–40 in
some thermoelectric materials.
Here, the biaxial strain dependence of electronic struc-
tures and power factor of monolayer MoS2 are calculated
by first-principle calculations and Boltzmann transport
theory , including the relativistic effect. Calculated re-
sults show that SOC can reduce power factor in p-type
doping, and that can improve one in n-type doping, which
is different from the usual detrimental effects35,36. It
is found that strain can induce significantly enhanced
power factor in both n-type and p-type doping by tun-
ing the electronic structures of monolayer MoS2, which
can be explained by strain-induced accidental degenera-
cies. Compressive strain tuning can induce better power
factor in n-type doping, therefore monolayer MoS2 can
become more efficient for thermoelectric application in
n-type doping.
The rest of the paper is organized as follows. In the
next section, we shall give our computational details. In
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FIG. 2. (Color online) At temperature of 300 K, transport coefficients as a function of doping levels (electrons [minus value]
or holes [positive value] per unit cell): Seebeck coefficient S (Left), electrical conductivity with respect to scattering time σ/τ
(Middle) and power factor with respect to scattering time S2σ/τ (Right) calculated with LDA (Black solid line) and LDA+SOC
(Red dotted line).
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FIG. 3. (Color online) The energy band gap (Gap) and the
value of spin-orbit splitting at K point (∆) as a function of a
by using LDA+SOC.
the third section, we shall present our main calculated
results and analysis. Finally, we shall give our conclusion
in the fourth section.
II. COMPUTATIONAL DETAIL
We use a full-potential linearized augmented-plane-
waves method within the density functional theory
(DFT)41, as implemented in the package WIEN2k42. We
use LDA for the exchange-correlation potential to do our
DFT calculations. The full relativistic effects are cal-
culated with the Dirac equations for core states, and
the scalar relativistic approximation is used for valence
states43–45. The SOC was included self-consistently by
solving the radial Dirac equation for the core electrons
and evaluated by the second-variation method46. We
use 6000 k-points in the first Brillouin zone for the self-
consistent calculation. We make harmonic expansion
up to lmax = 10 in each of the atomic spheres, and set
Rmt ∗ kmax = 8. The self-consistent calculations are con-
sidered to be converged when the integration of the ab-
solute charge-density difference between the input and
output electron density is less than 0.0001|e| per formula
unit, where e is the electron charge. Transport calcula-
tions are performed through solving Boltzmann transport
equations within the constant scattering time approxi-
mation (CSTA) as implemented in BoltzTrap47 (Note:
the parameter LPFAC can not choose the default value
5, and should choose larger value. Here, we choose LP-
FAC value for 20.), which has been applied successfully
to several materials48–50. To obtain accurate transport
coefficients, we use 200 × 200 × 1 k-point meshes in the
first Brillouin zone for the energy band calculation.
III. MAIN CALCULATED RESULTS AND
ANALYSIS
Firstly, the crystal structure of monolayer MoS2 is con-
structed with the vacuum region of 20 A˚ to avoid spurious
interaction, and the optimized lattice constant is a=3.13
A˚ by using LDA. The SOC effect on electronic struc-
tures is considered, and the energy band structures by
using LDA and LDA+SOC are plotted in Figure 1. Both
LDA and LDA+SOC results show MoS2 is a direct gap
semiconductor, with the band gap value being 1.87 eV
and 1.76 eV, respectively. Both a and LDA gap are con-
sistent with other theoretical values18. It is clearly seen
that SOC has obvious influence on the valence bands near
high symmetry K point, leading to a spin-orbital split-
ting value of 0.146 eV at K point, while has a negligible
effect on the conduction bands near K point. However,
the remarkable splitting is observed along the high sym-
metry Γ-K line on the conduction bands. These SOC
effects produce remarkable influence on the thermoelec-
tric properties.
The transport coefficients calculations, such as Seebeck
coefficient S and electrical conductivity with respect to
scattering time σ/τ , are performed within CSTA Boltz-
mann theory. Any assumptions on temperature and dop-
ing level dependence of the band structure are not con-
sidered. To consider SOC effects on thermoelectric prop-
erties, Figure 2 shows the Seebeck coefficient S, electri-
cal conductivity with respect to scattering time σ/τ and
power factor with respect to scattering time S2σ/τ as a
function of doping levels at the temperature of 300 K
by using LDA and LDA+SOC. The negative doping lev-
els imply the n-type doping, being related to conduction
bands, with the negative Seebeck coefficient, and the pos-
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FIG. 4. The energy band structures of monolayer MoS2 with a being from 3.03 A˚ to 3.23 A˚ calculated by using LDA+SOC.
itive doping levels mean p-type doping, being connected
to the valence bands, with the positive Seebeck coeffi-
cient.
In p-type doping, SOC has a detrimental influence on
the Seebeck coefficient S, while has a improved effect on
S (absolute value) in n-type doping. The opposite SOC
effect on the σ/τ is observed for both p-type and n-type
doping. Due to the dominant role of S to power factor,
the same influence of SOC on the power factor with S
is found. The SOC produces larger influence on power
factor in p-type than in n-type. The maximum power fac-
tors (MPF) in unit of τ×1014µW/(cmK2s) are extracted
in n-type and p-type doping with LDA and LDA+SOC.
The MPF by using LDA+SOC in p-type doping is about
52.5% smaller than that with LDA, while the MPF with
LDA+SOC is about 14.6 % bigger than that by LDA in
n-type. So, the SOC has to be considered in the theoret-
ical prediction of power factor of monolayer MoS2.
The effects of SOC on S can be explained by analyzing
SOC influence on the band structure. Upon opening of
SOC, the conduction band extremum along the Γ-L line
moves close to the conduction band minimum (CBM)
due to the spin-orbital splitting, giving rise to more ad-
jacent electron pockets (n-type), which induces higher S.
However, SOC removes the degeneracy of valence band
maximum (VBM) at the K point, reducing the slope of
density of states (DOS) near the Fermi level in the va-
lence bands (p-type), which leads to the lower S. When
SOC is included, the valence bands become more dis-
persive, increasing the mobility of p-type charge carriers,
resulting in an improved σ/τ . However, SOC has little
effect on the conduction band dispersion, leading to weak
dependence of SOC on σ/τ .
Strain effect on the electronic structures of monolayer
MoS2 has been widely investigated by the theoretical
calculations at the absence of SOC, and semiconductor-
metal phase transition has been predicted by using both
tensile and compressive strain25–27. Here, we investigate
the biaxial strain dependence of electronic structures and
thermoelectric properties by using LDA+SOC. The en-
ergy band gap and spin-orbit splitting value at VBM as
a function of a by using LDA+SOC are present in Fig-
ure 3, and the energy band structures for considered a
are also displayed in Figure 4. The energy band gap
firstly increases, and then decreases with increasing a.
The corresponding strain changes from compressive one
to tensile one. Both compressive and tensile strain can
induce the direct-indirect-gap crossover, due to changing
from one point of Γ-K line to K point for CBM and from
K to Γ for VBM with increasing a. The spin-orbit split-
ting monotonically increases with the increasing a, but
has little change about 0.02 eV with a varying from 3.03
A˚ to 3.23 A˚.
The strain dependence of S, σ/τ and S2σ/τ with a
changing from 3.03 A˚ to 3.23 A˚ calculated by using
LDA+SOC at temperature of 300 K are plotted in Fig-
ure 5. The complex dependence of strain is observed, due
to the sensitive dependence of energy band structures on
the applied strain. By analysing the energy band struc-
ture and the corresponding power factor, strain driven
accidental degeneracies can explain strain dependence of
power factor. In n-type doping, the larger S can be at-
tained, leading to larger power factor, when the energy
level of some conduction band extrema is closer. For
these calculated a, the largest S and S2σ/τ can be at-
tained with a=3.10 A˚ in n-type doping due to the near
degeneracy between conduction band extremum along Γ-
K line and one at K point. The same mechanism can be
used for p-type, and when the energy level of some va-
lence peaks is more adjacent, the greater power factor can
be gained. For p-type, S and S2σ/τ reach the peak with
a=3.17 A˚, because the near degeneracy happen to be in-
duced between Γ point and K point near the Fermi level
in the valence bands. When compressive strain is applied,
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FIG. 5. (Color online) At temperature of 300 K, transport co-
efficients as a function of doping levels (electrons [minus value]
or holes [positive value] per unit cell): Seebeck coefficient S
(Top), electrical conductivity with respect to scattering time
σ/τ (Middle) and power factor with respect to scattering time
S2σ/τ (Bottom) with a being from 3.03 A˚ to 3.23 A˚ calculated
by using LDA+SOC.
the direct-indirect gap transition is induced, and the cor-
responding critical a can produce the largest power fac-
tor for n-type in the considered a and doping range. The
tensile strain can lead to the greatest power factor for p-
type at the critical a of direct-indirect gap transition. It is
found that MoS2 has larger power factor in n-type doping
than in p-type doping by using compressive strain. Here,
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FIG. 6. (Color online) Power factor with respect to scattering
time S2σ/τ as a function of temperature for n-type with a
being from 3.03 A˚ to 3.23 A˚ calculated by using LDA+SOC
with the doping concentration of 1.23 × 1013cm−2 (about 0.01
electrons).
the S2σ/τ as a function of temperature with the doping
concentration of 1.23× 1013cm−2 for n-type are plotted
in Figure 6. In the wide temperature range, the power
factor with a=3.10 A˚ is the largest among the considered
a.
IV. DISCUSSIONS AND CONCLUSION
The SOC can remove the band degeneracy, which pro-
duces remarkable influence on the power factor. The
SOC can lead to detrimental influence on power fac-
tor in Mg2Sn
35 and half-Heusler ANiB (A=Ti, Hf, Sc,
Y; B=Sn, Sb, Bi)36, especially for p-type doping. For
monolayer MoS2 with optimized lattice constant, SOC
not only can reduce power factor in p-type doping, but
can enhance one in n-type doping. When SOC is not
included, the p-type and n-type doping have the near
same power factor. However, at the presence of SOC
, the n-type doping shows more excellent power factor
than p-type doping. So, it is very crucial for power fac-
tor calculations to consider SOC for monolayer MoS2 in
both p-type and n-type doping.
Strain or pressure is a very effective way to realize
novel phenomenon by tuning the electronic structures,
such as pressure-induced high-Tc superconductivity51,52
and strain-induced topological insulator53. The sensi-
tive strain dependence of electronic structures of mono-
layer MoS2 provides a platform to tune its thermoelec-
tric properties. The high power factor can be attained by
symmetry driven degeneracy, low-dimensional electronic
structures and accidental degeneracies54. Here, the acci-
dental degeneracies can be induced by both compressive
and tensile strain at the critical strain of direct-indirect
gap transition, which leads to the larger power factor in
certain doping range. Similar pressure induced acciden-
tal degeneracies, leading to large power factor, can be
found in Mg2Sn at the critical pressure of energy band
5gap37.
As is well known, the power factor depends on the
electronic energy structures. The electronic structures of
monolayer MoS2 can not only be tuned by strain, but by
electric field. In Ref.29, the effect of vertical electric field
on the electronic structure of MoS2 bilayer is systemat-
ically studied by the first-principle calculations, and the
energy band gap monotonically decrease with the electric
field increasing, leading to the semiconductor-to-metal
transition. Therefore, it is possible to realize improved
power factor by applied electric field.
In summary, we investigate strain dependence of
thermoelectric properties of monolayer MoS2 by using
LDA+SOC, based mainly on the reliable first-principle
calculations. It is found that including SOC is very im-
portant to attain reliable power factor, due to obvious
effects of SOC on the energy band structures of mono-
layer MoS2. Calculated results show that strain can real-
ize enhanced power factor at the critical strain of direct-
indirect gap transition. By choosing the appropriate dop-
ing concentration, monolayer MoS2 under compressive
strain in n-type doping can provide great opportunities
for efficient thermoelectricity.
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